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DNA fragmentation and cell membrane blebbing (Porter1Biologie des Interactions Neurone-glie
and Ja¨nicke, 1999; Yuan and Yankner, 2000). The com-INSERM U.495
mitment to death of developing neurons is regulated byIFR 70
extracellular signals such as hormones, neurotransmit-UPMC
ters, or secreted proteins that either promote survival2INSERM U.106
or favor the initiation of programmed cell death afterIFR 70
binding to specific receptors expressed by neurons (Da-Hoˆpital de la Salpeˆtrie`re
vies, 2003; de la Rosa and de Pablo, 2000; Oppenheim,47 Bd de l’hoˆpital
1999). For instance, developing motoneurons or sensory75013 Paris
neurons deprived of neurotrophic factors undergo auto-France
crine- or paracrine-triggered cell death through the neu-3Department of Molecular Cell Biology
ronal production of ligands that bind to receptors of theVUmc
tumor necrosis factor (TNF) death receptor family (RaoulVan der Boechorststraat 7
et al., 1999; Barker et al., 2001). However, this receptor1081 BT Amsterdam
family also mediates the induction of neural cell deathThe Netherlands
by mesoderm derivatives. In the embryonic chick retina
before the period of synaptogenesis, the death of cells
expressing the p75 NGF receptor results from exposureSummary
to NGF produced by infiltrating macrophages (Frade and
Barde, 1998). These early retinal macrophages originateThe loss of neuronal cells, a prominent event in the
from the yolk sac (Cuadros et al., 1991). They apparentlydevelopment of the nervous system, involves regu-
vanish prior to a secondary invasion of the retina bylated triggering of programmed cell death, followed
macrophage precursors that give rise to the residentby efficient removal of cell corpses. Professional phago-
retinal mononuclear phagocytes, microglial cells. Thecytes, such as microglia, contribute to the elimination
latter are characterized by motile ameboid phenotypesof dead cells. Here we provide evidence that, in addi-
that progressively transform into resting cells with rami-tion to their phagocytic activity, microglia promote
fied processes (Navascue´s et al., 2002). Microglia occur
the death of developing neurons engaged in synapto-
in different regions of the developing CNS (Cuadros and
genesis. In the developing mouse cerebellum, Purkinje Navascue´s, 1998), where they contribute to the elimina-
cells die, and 60% of these neurons that already tion of cell corpses owing to their marked phagocytic
expressed activated caspase-3 were engulfed or con- behavior, a function that has been well documented in
tacted by spreading processes emitted by microglial several species (Ashwell, 1990; Marı´n-Teva et al., 1999;
cells. Apoptosis of Purkinje cells in cerebellar slices Rakic and Zecevic, 2000; Upender and Naegele, 1999).
was strongly reduced by selective elimination of micro- In vitro, purified microglial cells have been shown to
glia. Superoxide ions produced by microglial respira- produce neurotrophic factors (Mallat and Chamak, 1994)
tory bursts played a major role in this Purkinje cell as well as potentially cytotoxic compounds including
death. Our study illustrates a mammalian form of en- cytokines (Combs et al., 2001), proteases (Flavin et al.,
gulfment-promoted cell death that links the execution 2000), free radicals (Chao et al., 1992; Thery et al., 1991),
of neuron death to the scavenging of dead cells. or glutamate agonists (Piani et al., 1991). However, aside
from the retinal cell death induced by macrophage-
Introduction produced NGF (Frade and Barde, 1998), the physiologi-
cal role of microglia in the triggering of developmental
neuron death has remained undetermined.During development, programmed cell death, with the
Analysis of programmed cell death in the nematodefeatures of apoptosis, affects numerous cells of the neu-
C. elegans raises the possibility that the phagocytic be-ronal lineage, including proliferating neuroblasts and
havior of microglia might favor apoptotic degenerationpostmitotic neurons before or after their axons have
of CNS cells. In the developing nematode, cells in thereached their target cells (de la Rosa and de Pablo, 2000;
advanced caspase (CED-3)-dependent stage of degen-Oppenheim, 1999). This process implicates a proteolytic
eration can recover, unless they are engulfed by neigh-cascade mediated by members of the caspase family of
boring cells that promote the execution of death (Hoepp-cysteine proteases that are present as relatively inactive
ner et al., 2001; Reddien et al., 2001). Since vertebrateprecursors in healthy cells (Nicholson, 1999). Cleavage
caspase-3 and nematode CED-3 belong to the same
caspase-death effector subgroup and share stringent
specificity (Nicholson, 1999), we asked whether en-*Correspondence: michel.mallat@infobiogen.fr
gulfing microglia might favor the developmental death4Present address: Dpto. de Biologı´a Celular, Facultad de Ciencias,
of differentiated neurons expressing caspase-3 and en-Universidad de Granada, Avda. Fuentenueva s/n, 18071 Granada,
Spain. gaged in synaptogenesis.
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We focused on Purkinje cells (PC) that form the effer- surrounded by microglial processes. A total of 1082 cell
bodies in 155 sections of P3 cerebellar vermis were doubleent pathway of the cerebellar cortex. Morphological al-
terations of PC, suggesting cell degeneration, have pre- stained with anti-CaBP and anti-active caspase-3. The
proportion of these Purkinje cell bodies containing acti-viously been observed in the late chick embryo (Bertossi
et al., 1986). The developmental death of mouse PC has vated caspase-3 and in close contact with spreading
microglial processes was 63.9%  4.21 (mean  SDbeen inferred from increases in the number of adult PC in
transgenic mice either overexpressing the antiapoptotic from three animals).
Bcl-2 protein or deficient in the proapoptotic bax gene
(Fan et al., 2001; Zanjani et al., 1996). During the early Microglial Cells Promote the Death of PC
postnatal period, mouse and rat PC that are initially in Cerebellar Slices
distributed over several layers progressively form a To investigate the possible role of microglia in PC death,
monolayer. They also undergo morphological and func- we used cerebellar slices of P3 mice maintained in vitro.
tional changes including dendrite remodelling and in- It has previously been shown that PC die in these slices
tense synaptogenesis (Armengol and Sotelo, 1991; mostly during the first day in vitro (DIV), with the ex-
Gardette et al., 1985; Hendelman and Aggerwal, 1980). pected features of programmed cell death, including
At the same time, the number of cerebellar microglia caspase-3 activation, DNA fragmentation, ultrastruc-
rises sharply (Ashwell, 1990). In this study, we first dem- tural signs of apoptosis, and strong dependency on ex-
onstrate that PC die in the cerebellum of 3-day-old (P3) pression of the antiapoptotic Bcl-2 protein (Ghoumari
mice and that, as expected for an engulfment-mediated et al., 2000). We first verified that Purkinje cell bodies
cell death, most of the PC cell bodies expressing acti- containing activated caspase-3 were in close contact
vated caspase-3 are completely or partly surrounded with spreading microglial cell processes in slices cul-
by microglial processes. To determine the role of micro- tured for one day (Figures 2A–2D), as observed in vivo.
glia in the developmental death of PC, we have set Consistent with previous characterisation of microglia
up a method to selectively eliminate the endogenous in cultured hippocampal slices (Hailer et al., 1997), the
microglia in freshly prepared living slices of P3 cerebel- P3 cerebellar slices kept in vitro were permissive for
lum that were previously used to characterize apoptotic the growth and differentiation of endogenous microglial
death of PC (Ghoumari et al., 2000). We show with this cells. Between 1 and 3 DIV, cerebellar microglia in-
preparation that microglia actively promote PC death. creased in number and evolved from round or ameboid
Furthermore, we demonstrate that microglia-promoted shape with short cellular processes and lamelipodia to
PC apoptosis involves the microglial production of su- a slightly branched and more mature phenotype (Fig-
peroxide ions, in a manner comparable to the respiratory ures 2E–2H).
burst described for the elimination of pathogens by To determine the role of microglia in PC death, we selec-
phagocytes (Chanock et al., 1994). Altogether, our data tively eliminated the microglia from slices by applying
provide evidence for a new mechanism of develop- the macrophage suicide technique (Van Rooijen et al.,
mentaly regulated neuronal death. 1997). This method is based on the selective ability of
mononuclear phagocytes to ingest and disrupt lipo-
somes that contain clodronate (Lip-cl). Freshly cut sec-Results
tions of P3 cerebellum were incubated with liposomes
containing either clodronate diluted in phosphate bufferColocalization of Microglial Cells and Dying
Purkinje Cells in Developing Mouse Cerebellum saline (Lip-cl) or the buffer only as a control (Lip-PBS).
In Lip-cl-treated slices, most of the microglia died withinWe investigated PC death in relation to the presence of
microglial cells in sections of cerebellum from P3 mice. less than 24 hr, and virtually all microglial cells had
vanished after 3 DIV, leaving blood vessels devoid ofPC were selectively stained with anti-calbindin (CaBP)
antibodies, and microglial cells were identified using their perivascular microglia array (Figures 3A, 3C, and
3E). This microglial depletion was maintained up to atanti-F4/80 antibodies specific for macrophages or Grif-
fonia simplicifolia isolectin-B4 (GSI-B4) that binds spe- least 14 DIV, the latest time point investigated. Treat-
ment with Lip-PBS did not alter the expansion and differ-cifically to microglial and endothelial cells in the mouse
CNS (Ashwell, 1990). Evidence for the engagement of entiation of microglial cells or the vascular network that
tended to regress between 1 and 3 DIV (Figures 3B, 3D,PC in programmed cell death was provided by TUNEL
staining of fragmented DNA and nuclei (Figure 1A) and and 3F).
To verify the selectivity of the microglial targeting bydetection of active caspase-3 in CaBP-positive cell bod-
ies (Figures 1C and 1D). the liposomes, we analyzed the cellular distribution of
fluorescently tagged Lip-PBS in cerebellar slices de-The most prominent microglia were ameboid cells in
the future granular layer and the white matter among rived from P3 mice, by confocal microscopy. Liposomes
were found in the microglial cell bodies and processesPC axonal processes, but they were also present in
the vicinity of and within the PC layer (Figure 1B). The at 1 DIV and 3 DIV (Figures 4A and 4B), demonstrating
the phagocytic behavior of this cell population. Althoughpresence of CaBP-positive inclusions inside microglial
cells strongly suggested that dying PC were phagocyted astroglial cells can occasionally ingest apoptotic cell
bodies, tagged liposomes in apposition with GFAP-posi-by microglia (Figure 1B, arrowheads). Consistent with a
possible involvement of microglia in PC death, most tive filaments were very rarely seen. Consistent with the
selective targeting of microglial cells, anti-glial fibrillaryof PC expressing activated caspase-3 were partly or
completely surrounded by spreading microglial pro- acidic protein (GFAP) staining of Lip-cl-treated slices
showed that astrocytes and Bergman glia were still pres-cesses (Figures 1E and 1F). In contrast, we observed
no PC without detectable activated caspase-3 that were ent and had expanded in the cultures between 1 and 3
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Figure 1. In Situ Localization of Microglial Cells and Dying Purkinje Cells in Sections of P3 Mouse Cerebellum
(A) A PC (rabbit polyclonal anti-CaBP antibodies, red) is also TUNEL positive (green), suggesting apoptosis (confocal microscopy). Scale bar,
10 m.
(B) Codetection of PC (rabbit polyclonal anti-CaBP, red), microglial cells (arrows), and blood vessels (GSI-B4, green). At this stage of develop-
ment, the PC layer comprises several rows of cells. Note microglial cell bodies in the vicinity of the PC layer, which is invaded by microglial
processes. Arrowheads point to microglia with CaBP-positive inclusions. Scale bar, 25 m.
(C–F) Purkinje cell body expressing activated caspase-3 and surrounded by microglial processes (triple staining). (C) PC stained with anti-
CaBP (mouse monoclonal antibody, mab). Note that labeling with polyclonal anti-CaBP antibodies reveals Purkinje cell bodies, dendrites,
and axons (A and B), whereas the mab preferentially stains Purkinje cell bodies. (D) Same field as (C) stained with rabbit polyclonal anti-
activated caspase-3 antibodies. (E) Microglial processes stained with rat anti-F4/80 mab (peroxidase staining). (F) Merged view of (C)–(E), in
which the brown peroxidase labeling was converted to green. The arrows in (C)–(F) point to the same PC. Scale bar, 10 m.
DIV (Figures 4C and 4D). Thus, the treatment with Lip- number of PC after 3 DIV (Figures 5A–5C). Quantitative
estimation of PC survival was obtained by assessingcl provided a suitable method for insuring both rapid and
selective elimination of microglial cells in cultured slices. fragmentation of the PC layer that resulted from PC
death. Slices were scored according to the number ofThe elimination of microglial cells by treatment with
Lip-cl was associated with a marked increase in the compact groups of 100 PC stained with anti-CaBP.
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I or II, and none of these slices were in class IV (Figure
5C). The PC rescued from death by elimination of micro-
glia survived beyond 3 DIV and developed a profuse
dendritic arborization (Figure 5D). Altogether, these re-
sults showed that microglia promoted PC apoptosis.
Molecular Mediators of Microglia-Triggered
PC Death
To determine the molecular mechanisms by which
microglia kill PC, we investigated several molecules pro-
duced by purified microglial cells, which have previously
been shown to kill neurons during development or under
conditions believed to mimic pathological or naturally
occurring cell death (Davies, 2003; Allan and Rothwell,
2001). Cultured slices were treated with neutralizing anti-
Nerve Growth Factor (NGF) antibodies (50–400 g/ml),
recombinant Interleukin 1 (IL-1) receptor antagonist
(1 g/ml), neutralizing anti-TNF- antibodies (1–5 g/
ml), Fas ligand decoy receptor (Fas/Fc chimera, 15–30
g/ml), N-methyl-D-aspartate receptors antagonists
D(-)-2-amino-5-phosphonopentanoic acid (0.5 mM), and
dizolcipine (10 M), or inhibitors of all nitric oxide (NO)
synthase isoforms (N-monomethyl-L-arginine, 500 M),
or the inducible NO synthase (iNOS) expressed in the
macrophage/microglial lineage [Aminoguanidine, 50–
500 M; ()-2-Amino-5,6-dihydro-6-methyl-4H-1,3-thia-
zine, 10–50 M]. None of these treatments improved
the survival of PC assessed after 3 DIV. Whatever the
treatment, no slices were class IV, and less than 25%
of these slices were class III. Furthermore, PC survived
no better in cerebellar slices derived from mice geneti-
cally deficient for Fas ligand, TNF- receptors, or iNOS.
We next tested the possibility that ligands acting
through receptors of the TNF death receptor family
might substitute for one another to promote PC death,
by combining treatments neutralizing NGF, Fas ligand,
and TNF-. Exposure of cerebellar slices to a Fas/Fc
chimera (30 g/ml) together with anti-TNF- (5 g/ml)
and anti-NGF (200 g/ml) antibodies failed to improve
the survival of PC estimated after 3 DIV by both scoring
slice classes and counting the total number of CaBP-
positive PC per slice (271  112, mean  SD, n  22
treated slices versus 286  106, n  20 control slices).
Figure 2. Microglia and Dying PC in Cultured Cerebellar Slices
Altogether, these results strongly suggested that NGF,
(A–D) Optic field showing contact between a spreading microglial IL-1, TNF-, Fas ligand, glutamatergic agonists, or NO
process and a PC expressing activated caspase-3 in a cerebellar
played no major role in PC death.slice cultured for 1 day. (A) Purkinje cell bodies stained with anti-
Since engulfing phagocytes can produce reactive ox-CaBP mab. (B) Staining with anti-activated caspase-3. (C) A micro-
ygen species, e.g., superoxide anions (O2.) and theirglial cell stained with anti-F4/80 antibody (peroxidase staining). (D)
Merged view of (A)–(C) (the brown peroxidase labeling was con- derivatives in the region of the plasma membrane in
verted to green). Scale bar, 10 m. direct contact with the engulfed prey (Chanock et al.,
(E–H) Appearance of microglia after 1 and 3 DIV (GSI-B4 staining). 1994; Segal and Abo, 1993), we investigated whether a
(E and F) After 1 DIV, microglial cells commonly display an ameboid similar respiratory burst might be involved in the PC
shape. (G and H) After 3 DIV, numerous microglial cells have
apoptosis promoted by microglial cells. Production ofbranched processes. (F) and (H) are high-power views of cells in
O2. by microglia was detected by staining living slicesboxed areas in (E) and (G), respectively. Scale bars, 100 m in (E)
with nitroblue tetrazolium (NBT) and was concomitantand (G) and 20 m in (F) and (H).
with the death of the PC (Figures 6A and 6B). Microglial
respiratory burst was also revealed in vivo by the fluoro-
Classes I, II, III, or IV correspond to slices with 0, 1, 2, genic conversion of hydroethidine to ethidium in O2.-
or more than 2 groups, respectively. More than 75% producing cells. Strong ethidium fluorescence selec-
of the slices cleared of their microglial content (Lip-cl tively labeled microglial cells in or close to the PC layer
treatment) belonged to class IV (highest level of cell of P3 mice injected with hydroethidine (Figures 6C–6F).
survival), and none were in class I (lowest level of PC We also observed engulfment of cell bodies expressing
survival). In contrast, more than 75% of the control slices activated-caspase 3 by these bursting microglia (Fig-
ure 6F).(no treatment or Lip-PBS treatment) belonged to class
Microglia and Developmental Cell Death
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Figure 3. Depletion of Microglial Cells in Cer-
ebellar Slices: GSI-B4 Staining
(A–D) Low-power view of cultured slices.
Microglia and endothelial cells were stained
in slices cultured for 1 day (A and B) or 3 days
(C and D) after treatment with Lip-cl (A and
C) or control Lip-PBS (B and D) (see Experi-
mental Procedures). Microglial cells appear
as spots between blood vessels or in the mar-
gin of the slices. Note that microglial deple-
tion is already obvious 1 day following the
treatment with lip-cl. Scale bars, 300 m in
(A) and (B) and 500 m in (C) and (D).
(E and F) High-power view of perivascular re-
gions in cultured slices 3 days after treatment
with Lip-cl (E) or Lip-PBS (F). Note the disap-
pearance of the array of microglial cells sur-
rounding endothelial cells in the slice treated
with Lip-cl. Scale bar, 25 m.
The phagocyte respiratory burst involves the activa- tected microglial production of superoxide ion and that
PC survival was not improved in slices derived fromtion of the leukocyte NADPH oxidase, an enzyme com-
plex expressed by ameboid microglia and that converts gp91phox knockout mice (Pollock et al., 1995). However,
this result was not unexpected, given that recently dis-oxygen (O2) into O2. (Chanock et al., 1994; Sankarapandi
et al., 1998; Segal and Abo, 1993). This enzyme com- covered NADPH oxidase genes were shown to compen-
sate for the targeted inactivation of the gp91phox inprises several subunits, including the cytosolic p47phox,
p67phox, and the membrane-associated gp91phox con- phagocytes (Geiszt et al., 2003; Yang et al., 2001).
Therefore, to determine the role of the microglial respi-taining the catalytic activity of the enzyme (Chanock et
al., 1994; Yu et al., 1998). By probing these subunits or ratory burst in PC death, slices were treated with either
Mn(III) tetrakis(4-benzoic acid)porphyrin (MnTBAP), atheir transcripts in microglia-depleted or control slices,
we verified that only microglia expressed the leukocyte scavenger of O2.and its hydrogen peroxide (H2O2) deriv-
ative (Day et al., 1997), or with diphenyleneiodoniumNADPH oxidase in the cerebellum (Figure 7). Immuno-
staining experiments showed that the p67phox was local- (DPI), an inhibitor of the leukocyte NADPH oxidase (Han-
cock and Jones, 1987). MnTBAP (150 M) or DPI (100ized in microglial cells (Figures 7A and 7B). Consistently,
transcripts encoding for NADPH oxidase subunits were nM), like Lip-cl-mediated elimination of microglia,
strongly reduced PC death (Figures 8A, 8B, and 8D).no longer detected in cultured slices following specific
elimination of microglia (Figure 7C). Although the leuco- Although MnTBAP does not block NADPH oxidase activ-
ity, it prevented the microglial staining with NBT, con-cyte NADPH oxidase was recently found to be induced
in cultured neurons following treatments promoting apo- firming that it efficiently scavenged microglia-derived
O2.. Neither MnTBAP nor DPI had apparent toxicity forptotic or necrotic cell death (Kim et al., 2002; Noh and
Koh, 2000; Tammariello et al., 2000), we did not detect microglia (Figure 8C). DPI is a lipophilic compound able
to reach the redox component of the NADPH oxidasep67phox immunoreactivity in the CaBP-positive PC in
slices kept alive for 1–3 DIV. subunit embedded in the membrane (Doussie`re et al.,
1999). We therefore assumed that DPI could be effi-Despite the microglial expression of the leucocyte
NADPH oxidase, we observed that NBT staining de- ciently entrapped in multilamellar liposomes and selec-
Neuron
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Figure 4. Specific Targeting of Microglia by
Liposomes Incorporated in Cerebellar Slices
(A and B) Cellular distribution of CM-DiI-
tagged Lip-PBS in cerebellar slices. Triple
staining with CM-DiI (red), rabbit polyclonal
anti-GFAP antibodies (blue), and GSI-B4
(green), confocal microscopy. Slices were in-
cubated with CM-DiI-tagged Lip-PBS and
cultured for 1 (A) or 3 (B) days before staining
with anti-GFAP and FITC-GSI-B4. Note the
presence of liposomes (red spots) inside
microglial cell bodies and processes (arrows).
Scale bar, 20 m.
(C and D) Detection of astroglia and endothe-
lial cells in slices pretreated with Lip-cl. Dou-
ble staining with polyclonal anti-GFAP anti-
bodies (red) and GSI-B4 (green) that revealed
astroglial cells and endothelial cells, respec-
tively. Slices were incubated with Lip-cl and
cultured for 1 (C) or 3 (D) days before anti-
GFAP and GSI-B4 staining. Note the absence
of microglial cells and the expansion of astroglia
between 1 and 3 DIV. Scale bar, 50 m.
tively transported into microglial cells. To verify that DPI death. We provide evidence for the implication of these
microglial cells in the execution of the PC death pro-protected PC by acting on microglial cells, slices were
treated with liposomes containing DPI (lip-DPI). To rule gram, and we demonstrate that a microglial respiratory
burst plays a major role in this process. The microglia-out that effects of lip-DPI might be attributed to a possi-
ble leakage of the compound from liposomes prior to dependent death of PC has similarities with the en-
gulfment-promoted cell death previously characterizedtheir ingestion by microglia, the total amount of lipo-
some-entrapped DPI (17 nM) was adjusted below that in the nematode.
required to reduce PC death, when treating slices di-
rectly with nonencapsulated DPI (threshold protective Assessment of the Role of Microglia
concentration of nonencapsulated DPI was between 20 in Developmental Cell Death
and 100 nM). Despite this constraint, assessment of PC To demonstrate the retinal cell death triggered by mac-
survival showed a significant reduction of PC death in rophage-derived NGF, Frade and Barde (1998) used an
slices treated with lip-DPI (Figure 8E), without any appar- ex vivo complementation assay in which embryonic
ent toxic effects on microglia. After 3 DIV, 41% of the chick retina were dissected out before invasion by meso-
slices treated with lip-DPI were class III or IV, whereas derm-derived macrophage and subsequently grafted with
in control slices, the proportion was below 11% for class phagocytes purified from the embryonic vitreous body.
III with no class IV slices. The control treatment con- To assess the role of microglia beyond the primary
sisted of Lip-PBS together with an equivalent concentra- phases of tissue infiltration by macrophages, selective
tion of DPI (17 nM) added extraliposomally. Statistical and temporally appropriate in situ ablation of the devel-
analyses confirmed that the differences in PC survival oping microglia could be envisaged. In Drosophila,
were significant (two-tailed p  0.05, Mann-Whitney mutations preventing embryonic CNS infiltration by
test). This result demonstrates that selective microglial macrophage-like hemocytes or cell corpse engulfment
targeting by a low dose of liposome-entrapped DPI not resulted in mispositioning of glia and disruption of the
only rescued PC from death but also increased the ap- CNS axon scaffold rather than an obvious alteration of
parent efficacity of DPI, since an equivalent amount of the pattern of cell death (Sears et al., 2003). However,
nonencapsulated DPI had no effect. from a technical standpoint, this study has clearly illus-
trated that the elimination or the functional impairment
of phagocytes at early stages of neurogenesis mightDiscussion
have protracted or indirect influences on CNS histogen-
esis, which precludes a clear determination of the roleAside from the elimination of pyknotic bodies, the func-
tions of ameboid microglia during normal development of microglia in late developmental stages. Administra-
tion of Lip-cl efficiently depleted peripheral tissues ofremain largely undetermined. Here, we show that, during
early postnatal life, microglial cells establish engulfing macrophages (Van Rooijen et al., 1997) and, in particular,
showed that phagocytes are responsible for the devel-contact with mouse PC that undergo programmed cell
Microglia and Developmental Cell Death
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Figure 5. Effect of Microglia Elimination on
PC Survival in Cultured Slices
(A and B) Slices cultured for 3 DIV and stained
with rabbit polyclonal anti-CaBP antibodies,
which label PC in a Golgi-like manner (cell
bodies, dendrites, and axons). (A) and (B) cor-
respond to adjacent slices treated with Lip-cl
and Lip-PBS, respectively. Scale bar, 500m.
(C) Quantitative assessment of PC survival.
Slices were untreated (control) or treated
with Lip-PBS or Lip-cl and were cultured for
3 days before anti-CaBP staining. Slices were
scored according to the number of compact
groups of 100 PC. Classes I, II, III, or IV corre-
spond to slices with 0, 1, 2, or more than
2 groups (fused or not), respectively. Graph
shows the distribution of the slices in the
classes as percent of the total number of
slices (n) scored for each treatment (un-
treated, n  31, white bars; Lip-PBS, n  48,
gray bars; Lip-cl, n 48, dark bars). The slice
in (A) displays two compact groups of more
than 100 PC (arrows), one of which (open
arrow) largely exceeds 300 PC. This slice is
therefore scored as class IV (see Experimen-
tal Procedures). The slice in (B) is class I, i.e.,
a slice with no group of 100 PC.
(D) Purkinje cell bodies and dendrites stained
with polyclonal anti-CaBP antibodies in slices
cleared of microglia (Lip-cl treatment) and
cultured for 5 days. Scale bar, 25 m.
opmental death of vascular cells in the pupillary mem- meningeal macrophages but spares the microglial cells
(Polfliet et al., 2001). By applying this macrophage sui-brane of developing rats (Diez-Roux and Lang, 1997).
However, the intraventricular route for administration of cide technique to freshly sliced cerebellum, we opti-
mized exposure of microglia to liposomes and ensuredLip-cl induces selective loss of brain perivascular and
Figure 6. Microglial Respiratory Burst in Cul-
tured Slices and In Vivo
(A and B) Slices were cultured for 1 DIV in
the presence of NBT (25 g/ml) added to
the medium before fixation and staining with
GSI-B4. (A) NBT staining shows deposits of
formazan resulting from O2. reduction of
NBT. (B) Same field stained with fluorescent
GSI-B4. The deposits of formazan are local-
ized to GSI-B4-positive microglial cells (arrows).
Scale bar, 25 m.
(C–F) A microglial cell in the PC layer, which
underwent respiratory bursts. P3 mice were
injected with hydroethidine 3 hr before sacri-
fice followed by immunofluorescent staining
with anti-F4/80 (green in [D]) and anti-CaBP
(blue in [E]) antibodies. (C) Ethidium fluores-
cence resulting from hydroethidine oxydation
by O2.. Ethidium binds to DNA and reveals
a cell nucleus above background. (F) Merged
view of (C)–(E). Inset in (F) shows triple stain-
ing in the PC layer of a cell body stained with
anti-activated caspase-3 (blue) antibodies,
surrounded by processes of a bursting micro-
glial cell stained with anti-F4/80 (green) and
ethidium (red). Scale bar, 10 m (C–F) and
12 m (inset).
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Figure 7. Microglial Expression of NADPH
Oxidase Subunits
(A and B) Codetection of p67phox and micro-
glia in 3 DIV slices. (A) Anti-p67phox mab
staining. (B) GSI-B4 staining. The p67phox im-
munoreactivity is localized in and restricted
to microglia. Scale bar, 100 m.
(C) PCR detection of gp91phox, p47phox, and
glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) transcripts in P3 mouse cere-
bellum (P3 CB in vivo) and in slices kept
for 3 DIV after treatment with Lip-PBS (Con-
trol slices) or with Lip-cl (Depleted slices).
Expression of p47phox and gp91phox is not de-
tectable in slices without microglia (Lip-cl
treatment).
specific targeting of all cerebellar monuclear phago- prior to their engulfment, nematode cells are subjected
to weak proapoptotic signals that trigger caspase acti-cytes, as indicated by the disappearance of these cells
upon treatment with Lip-cl and by the intracellular local- vation and, in turn, signaling to engulfing cells. This
signaling would promote the engulfment behavior thatization of tagged liposomes. In addition, our method
fulfilled other major criteria for assessing the role of is required to actively ensure irreversibility and execu-
tion of the death program initiated in the engulfed cellendogenous microglia in developmental PC death. Be-
cause most microglia were eliminated within less than (Hoeppner et al., 2001). The death of PC in P3 mice
display features consistent with this model. Both in24 hr in the presence of Lip-cl, we treated the cerebellum
at P3, when PC expressing activated caspase-3 in vivo vivo and in cultured slices, engulfment of Purkinje cell
bodies by microglial processes appeared limited to PCwere engulfed by microlial cells, and verified that en-
gulfing contacts persisted in untreated tissue slices kept containing activated caspase-3. Although engulfing
microglia were required for the death of PC, less thanalive for 24 hr. The temporal correlation between devel-
opmental PC death and microglia invalidation avoided two thirds of Purkinje cell bodies expressing activated
caspase-3 in vivo had contacts with spreading micro-interference with possible tissue remodeling that might
result secondary to the depletion of the microglia. We glial processes. This suggests that, at least for part of
the dying PC, initiation of the death program could bewere therefore able to examine the role of microglia
during postanatal development, and we showed that triggered by cell-autonomous or extracellular signals
unrelated to microglia. Furthermore, the occurrence ofthe presence of microglial cells is responsible for the
death of developing neurons. proapoptotic signals fully efficient in the absence of
microglia is supported by the fact that, in cultured cere-
bellar slices, rapid elimination of microglia or neutraliza-Mechanisms Promoting Developmental PC Death
The engulfment of PC by microglial cells together with tion of microglia-derived superoxide ions spared PC
from apoptosis but did not rescue all the PC.the demonstration of PC death promoted by microglia
strongly evoke the engulfment-promoted cell death pre- It has been shown that exposure of dissociated cere-
bellar cultures to several growth factors known to beviously described in the nematode (Hoeppner et al.,
2001; Reddien et al., 2001). It has been suggested that, expressed in the cerebellum results in improved survival
Figure 8. Effects of DPI and MnTBAP on PC
Survival in Cultured Slices
(A–D) Slices were cultured for 3 days with or
without DPI (100 nM) or MnTBAP (150 M) in
the medium. (A and B) Immunocytochemical
detection of CaBP-positive PC in control (un-
treated, [A]) and in DPI-treated slices (B). (C)
Detection of microglia (GSI-B4 staining) in a
DPI-treated slice. DPI (100 nM), an irrevers-
ible inhibitor of NADPH oxidase, increased
the survival of PC without toxicity for micro-
glia. Scale bar, 300 m. (D) Quantitative as-
sessment of PC survival after 3 DIV (see leg-
end of Figure 5C). Slices were cultured
without (control, n  20 slices, white bars) or
with MnTBAP (n  21, gray bars) or DPI (n 
32, black bars). Both treatments increased
PC survival to the levels observed in micro-
glia-depleted slices (compare with Figure 5C).
(E) PC survival after 3 DIV in slices treated
with Lip-DPI (n  22, black bars) or Lip-PBS and an equivalent amount of DPI (17 nM) added extraliposomally (n  19, white bars). Lip-DPI
treatment increased PC survival compared with the unencapsulated-DPI treatment. The difference between slice distributions was significative
(p  0.05 in the two-tailed Mann-Whitney test).
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of cultured PC (Larkfors et al., 1994; Lindholm et al., a broad repertoire of surface receptors, the stimulation
1997; Mount et al., 1995; Torres-Aleman et al., 1992), of which might in turn activate various cytotoxic func-
albeit with a strong dependency on interactions between tions of phagocytes, including the respiratory burst (Fa-
PC and other cerebellar cells selected by the culture dok et al., 2001; Underhill and Ozinsky, 2002). These
procedure (Baptista et al., 1994; Morrison and Mason, receptors bind to “eat me signals” of the engulfed prey
1998). Assuming the classical neurotrophic hypothesis directly or indirectly through the docking by different
(Oppenheim, 1999), it is possible that weak or fully effi- extracellular molecules, such as thrombospondin-1 and
cient proapoptotic signals to PC might result from physi- complement components that have been shown to be
ological shortage in trophic factors derived from PC produced by microglia or other CNS cells (Chamak et
targets, afferents, or other neighboring cells. The extent al., 1995; Gasque et al., 2000). Cells undergoing apopto-
of PC death in P3 slices underscores the need for such sis can display several eat me signals, such as (1) carbo-
trophic influences. The slicing procedure disrupts the hydrate or oxidized groups specifically recognized by
early olivocerebellar afferents to PC as well as axotomiz- macrophage lectins or scavenger receptors, (2) binding
ing PC targets located in the deep cerebellar nuclei that sites for thrombospondin-1 or complement compo-
do not survive (Dusart et al., 1997). Furthermore, the nents, (3) loss or alteration of antigens that prevent com-
survival of PC in cultured slices is improved by treating plement fixation or that repel macrophages (Savill et al.,
the slices with insulin growth factor-1, which is ex- 2002). A very early feature of apoptosis is the exposure
pressed by olivocerebellar afferents and deep cerebellar of phosphatidyl serine (PS) on the outer leaflet of the
nuclei during the early postnatal period (Bondy, 1991; plasma membrane of the cell. PS is recognized directly
Ghoumari et al., 2002). However, the available data do or indirectly by different phagocyte receptors, including
not rule out the possibility that engulfing microglial cells the PS receptor (PSR). It has recently been reported
could also trigger PC death, including the initiation of that 15% of the PSR knockout embryos presented hy-
caspase-3 activation, independently of other proapo- perplasia of CNS structures resembling phenotypes of
ptotic mechanisms such as a shortage in trophic factors. mice deficient in caspase-3 or other death-associated
We therefore propose that, during postnatal develop- genes. This has led to the suggestion that phagocytes
ment, PC modulate surface signals that either repel may promote cell apoptosis through a PSR-mediated
microglia or stimulate the engulfment behavior and the mechanism (Li et al., 2003). Whether PSR and/or other
ability of microglial cells to kill PC. These modulations known phagocyte receptors play a role in the targeting
might depend on the availability of trophic factors tar- of PC or other developing neurons by microglial killer
geting developing PC. cells is an open issue.
In the nematode, the mechanism whereby cell en-
gulfment triggers the execution of programmed cell Conclusions
death has not been determined. The phagocyte respira- Our study shows that developing PC die through a
tory burst is a major weapon of the innate immune sys- microglial-mediated mechanism, supporting the predic-
tem of vertebrates that helps to neutralize engulfed mi- tion (Hoeppner et al., 2001; Reddien et al., 2001) that
croorganisms (Chanock et al., 1994; Segal and Abo, engulfment-mediated cell death is a function that is con-
1993). We provide evidence that this process is involved served from the nematode to vertebrates. Recruitment
in the killing of PC by engulfing microglia: microglia of activated microglia is associated with numerous CNS
produce O2. concomitantly to the loss of PC, like micro- pathologies, and these cells are currently thought to
glia elimination, agents that either targeted microglia play major roles in traumatic lesions and in neurodegen-
and inhibit leukocyte NADPH oxidase or scavenge O2. erative or infectious diseases in which survival of neu-
and their derivatives protect PC. Since inhibition of NO rons is compromised (Minagar et al., 2002; Thanos et
synthase activities in the cerebellar slices did not rescue al., 1993). In this respect, unraveling the complex mech-
PC from death, it is very unlikely that microglia-derived
anism that governs engulfment behavior and subse-
O2. acted through the formation of neurotoxic peroxini- quent activation of phagocytes should prove helpful in
trite (Bonfoco et al., 1995). O2. could promote PC death identifying new therapeutic targets for CNS diseases.through their rapid and spontaneous dismutation to H2O2
that is known to induce apoptosis in a variety of develop- Experimental Procedures
ing neurons (Kaal et al., 1998; Whittemore et al., 1995).
Furthermore, a recent analysis of microbicidal activity Animals
Swiss mice were obtained from Janvier (Le Genest-St-Isle,of the phagocyte respiratory burst (Reeves et al., 2002)
France). Wild-type C57BL/6 mice were obtained from IFFA CREDOraises the possibility that O2. could trigger the recruit-
(l’Arbresle, France). Double-knockout mice for TNF receptor I andment and the activation of microglial proteases that
TNF receptor II (Rothe et al., 1993; Erickson et al., 1994), iNOS or
would in turn favor the death of PC. Indeed, we cannot gp91phox knockout mice (Laubach et al., 1995; Pollock et al. 1995),
rule out that, in addition to O2., other factors produced and the mutant mouse gld/gld (Fas ligand deficiency) (Roths et al.,
by microglia might also be required to insure PC death. 1984) were all on a C57BL/6 background and bred in our animal
Yet, our data argue against a role for TNF-, NGF, or room. All procedures were carried out in accordance with the
guidelines of the French Ministry of Agriculture and the EuropeanFas ligand that were previously shown to trigger the
Community.death of other developing neurons (Davies, 2003).
Prior to the onset of the lethal respiratory burst, the
In Vivo Staining
targeting of PC by engulfing microglial cells could in- Swiss mice (3-day-old) were perfused with 4% paraformaldehyde
volve different molecular cues acting in other phagocytic (PFA) in 0.1 M phosphate-buffered saline (PBS; pH 7.4). Brains were
contexts. The recognition and engulfment of dying cells dissected out and postfixed in the same solution for 2 hr at 4C.
Alternatively, when using fluorescein isothiocyanate (FITC)-conju-or microorganisms by vertebrate phagocytes implicate
Neuron
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gated GSI-B4 (FITC-GSI-B4), brain was fixed with 2% PFA, 55 mM (see below). The slices were then cultured on 30 mm Millipore mem-
brane culture insert (Millicell CM, Millipore, Bedford, MA, USA; poreL-Lysine monohydrochloride, 10 mM sodium metaperiodate (Pro-
labo, Fontenay-sous-Bois, France) in 0.1 M phosphate buffer (PB; size 0.4 m) in 6-well plates containing 1 ml/well of medium com-
posed of 50% basal medium with Earle’s salts (BME), 25% HBSS,pH 7.4). Immunostaining was performed on sagittal sections of cere-
bellum. Sections were blocked with 10% normal goat serum (NGS) 25% horse serum, 1 mM L-glutamine, 10 UI-g/ml penicillin-strepto-
mycin (purchased from Life Technologies, Cergy Pontoise, France),and 1% bovine albumin (BA) diluted in phosphate buffer saline (PBS;
pH 7.4) containing 0.25% Triton X-100 (2 hr at room temperature, and 5 mg/ml glucose at 37C in a humidified atmosphere with 5%
CO2. The medium was replaced after 3 days.RT), prior to incubation with the antibodies that were diluted in
PBS-0.25%Triton-1%BA (PBS-T-BA). Microglia, blood vessels, and
Purkinje cells were stained in free-floating vibratome sections Reagents
(40 m thick) by double labeling with FITC-GSI-B4 (2 g/ml, Sigma, DPI, N-monomethyl-L-arginine, ()-2-Amino-5,6-dihydro-6-methyl-
St. Louis, MO) and rabbit polyclonal anti-CaBP D-28K antibodies 4H-1,3-thiazine, and aminoguanidine were all purchased from
(diluted 1:5000, Swant, Bellinzona, Switzerland) that were revealed Sigma. MnTBAP was obtained from Calbiochem-Novabiochem
with Cy3-conjugated goat anti-rabbit IgG (1:400, Jackson Immuno- GmbH, Schwalbach, Germany. Mouse IL-1 receptor antagonist (ref.
Research Laboratories, Inc., West Grove, PA). 480-RM-010), anti-mouse TNF- antibody (ref. AF-410-NA) and re-
Microglia and Purkinje cell bodies expressing activated cas- combinant mouse Fas/Fc chimera (ref. 435-FA) were from R&D Sys-
pase-3 were visualized in cryostat sections (20 m thick) by triple tems Europe Ltd, Abingdon, UK. Neutralizing anti-mouse NGF was
labeling with rat monoclonal anti-F4/80 antibody (1:200; Serotec, kindly provided by Dr. Y.A. Barde (Basel, Switzerland). Clodronate
Oxford, UK), mouse monoclonal anti-CaBP antibody (1:2000, was a gift of Roche Diagnostics GmbH, Mannheim, Germany.
Swant), rabbit polyclonal anti-active caspase-3 antibodies (1:1000;
PharMingen International, San Diego, CA). Bound anti-F4/80 anti- Treatments with Liposomes and Reagents
bodies were detected with biotinylated anti-rat antibodies (1:300, Suspensions of multilamellar liposomes containing PBS (Lip-PBS),
Amersham Pharmacia Biotech Europe GmbH, Freiburg, Germany) dichloromethylene diphosphonate (clodronate), or DPI diluted in
and streptavidin biotinylated horseradish peroxidase complex PBS (Lip-cl or Lip-DPI) were generated according to established
(1:400, Amersham Pharmacia Biotech Europe GmbH) for 1 hr at RT procedures (Van Rooijen and Sanders, 1994). Liposomes were
(in PBS-T-BA). The peroxidase activity was revealed using 3,3- washed three times and resuspended in PBS (final lipid concentra-
diaminobenzidine tetrahydrochloride (Sigma). Mouse anti-CaBP tion, 23 mg/ml) before treating the slices. Freshly cut slices were
and rabbit anti-active caspase-3 were detected using rhodamine incubated with suspensions of liposomes diluted 1:5 in ice-cold
red-X-conjugated anti-mouse IgG and FITC-conjugated anti-rabbit GBSS-glucose-PS for 45 min under gentle rotatory shaking (150 rpm).
IgG diluted 1:600 and 1:200, respectively (Jackson ImmunoResearch The slices were then placed on precooled Millicell membranes, and
Laboratories, Inc.). Sections were mounted in Fluoromount-G and excess liposomes were quickly removed. To estimate the concen-
analyzed with a DMR Leica microscope. tration of liposome-entrapped DPI incubated with the slices during
The proportion of active caspase-3-positive Purkinje cells in con- the treatment with Lip-DPI, we determined that the liposomes (pel-
tact with spreading F4/80-positive microglia processes was deter- leted from the liposome suspension) accounted for 1/15 of the total
mined by counting on 155 sections from the cerebellar vermis of volume in the slice incubation medium (GBSS glucose-PS). From
three different animals. this determination, entrapping a solution of 250 nM DPI in the lipo-
somes was estimated to provide a 17 nM concentration of liposome-
Detection of Fragmented DNA in Purkinje Cells entrapped DPI following dilution in the slice medium. Nonencapsu-
For staining of fragmented DNA, 20 m cryostat sections were lated DPI and the other reagents were incorporated into both the
TUNEL stained (Terminal deoxynucleotidyl transferase [TdT]-medi- GBSS-glucose-PS used to recover freshly cut slices (45 min incuba-
ated digoxigenin-dUTP nick-end labeling) using the Apopdetect Flu- tion at 4C under agitation) and in the culture medium, at the indi-
orescein Kit (Q-Biogene, Illkirch, France). This was followed by im- cated final concentrations. Anti-NGF and anti-TNF- neutralizing
munolabeling of Purkinje cells with rabbit polyclonal anti-CaBP antibodies, IL-1ra, and Fas/Fc chimera were also applied directly
antibodies. The sections were analyzed with a Leica TCS 4D confo- to the cultured slices (2 L/slice added daily).
cal microscope.
Detection of Superoxide Ion Production
Generation of O2. was detected cytochemically in the slices byIn Vivo Detection of Superoxide Ion Production
the reduction of soluble yellow NBT (Sigma) to insoluble dark-blueCellular production of O2. was visualized through the O2.-specific
formazan (Schneider et al., 1997). NBT (25 g/ml) was added tooxidation of hydroethidine (HE) to ethidium (Eth) that binds to the
culture medium. Slices were maintained for 24 hr at 37C beforeDNA of O2.-producing cells (Bindokas et al., 1996; Murakami et
fixation and staining.al., 1998). HE (Molecular Probes, Inc., Eugene, OR) solubilized in
dimethylsulfoxide (100 mg/ml) was further diluted in PBS (1 mg/
ml) and sonicated immediately before intraperitoneal injections into Staining of Cultured Slices
3-day-old Swiss mice (20 l per animal). Pups were perfused with Cultured slices were fixed in 2% PFA, 55 mM L-Lysine monohy-
4% PFA 3 hr after injections. Cerebellar sections (20 m thick) were drochloride, 10 mM sodium metaperiodate in PB 0.1 M (pH 7.4) for
treated for immunostaining with anti-F4/80 mab and rabbit poly- 1 hr at 4C. PFA 4% in PBS 0.1 M (pH 7.4) was used as fixative for
clonal anti-CaBP or anti-activated caspase-3 as described above, anti-CaBP/anti-active caspase-3/anti-F4/80 triple immunolabeling
except that bound primary antibodies were detected with Alexa of slices. After fixation, slices were taken off the Millicell, permeabil-
fluor 488-conjugated anti-rat IgG (1/1000, Molecular Probes, Inc., ized in PBS-1% Triton X-100 for 3 hr at RT, and processed free-
green fluorescence) and 7-amino-4-methyl-coumarin-3-acetic acid- floating for immunocytochemistry following the procedure de-
(AMCA)-conjugated anti-rabbit IgG (1/100, Jackson ImmunoRe- scribed above. A rabbit polyclonal antibody against glial fibrillary
search Laboratories, Inc., blue fluorescence). Eth fluorescence was acidic protein (GFAP) (diluted 1:1000; Dako A/S, Denmark) was
visualized using a rhodamine filter. used to visualize astrocytes and Bergmann glia. The NADPH
oxidase subunit p67phox was detected using mouse anti-p67phox
monoclonal antibody (diluted 1:50; BD Transduction Laboratories,Slice Cultures
San Diego, CA).Organotypic cultures of 3-day-old mouse cerebellum were prepared
as described previously (Ghoumari et al., 2000). Briefly, after decapi-
tation, brains were dissected out into cold Gey’s balanced salt solu- Distribution of the Liposomes in Cultured Slices
The distribution of Lip-PBS in cultured slices was analyzed usingtion (GBSS, Sigma) supplemented with 5 mg/ml glucose and
50 UI-g/ml penicillin-streptomycin (GBSS-glucose-PS) and the me- Lip-PBS that were stained with chloromethylbenzamido-1,1-dioc-
tadecyl-3,3,3,3,-tetramethylindocarbocyanine perchlorate (Cell-ninges were removed. Parasagittal cerebellar slices (350 m thick)
were cut on a McIlwain tissue chopper and incubated for 1–1.5 hr Tracker CM-DiI, Molecular Probes, Eugene) (Van Rooijen and Sand-
ers, 1994). Lip-PBS were incubated for 30 min at 4C in CM-DiIin ice-cold GBSS-glucose-PS with or without additional reagents
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diluted at 4 g/ml in GBSS. Free CM-DiI was removed from the lip- Barker, V., Middleton, G., Davey, F., and Davies, A.M. (2001). TNFal-
pha contributes to the death of NGF-dependent neurons duringPBS suspension by centrifugation (25,000	 g for 30 min at 4C, three
times). Slices were treated with CM-DiI-labeled PBS-liposomes as development. Nat. Neurosci. 4, 1194–1198.
described for unstained liposomes. Microglia and astrocytes in Bertossi, M., Roncali, L., Mancini, L., Ribatti, D., and Nico, B. (1986).
these slices were stained with FITC-GSI-B4 and anti-GFAP antibod- Process of differentiation of cerebellar Purkinje neurons in the chick
ies revealed with biotinylated anti-rabbit Ig (1:200) and Cy5-labeled embryo. Anat. Embryol. (Berl.) 175, 25–34.
streptavidin (1:1000) obtained from Amersham. Slices were analyzed
Bindokas, V.P., Jordan, J., Lee, C.C., and Miller, R.J. (1996). Super-
by confocal microscopy.
oxide production in rat hippocampal neurons: selective imaging with
hydroethidine. J. Neurosci. 16, 1324–1336.
Quantification of PC Survival
Bondy, C.A. (1991). Transient IGF-I gene expression during the mat-To quantify the survival of PC, slices were stained with anti-CaBP
uration of functionally related central projection neurons. J. Neu-antibodies, and Purkinje cells were counted under a fluorescence
rosci. 11, 3442–3455.microscope as previously described (Ghoumari et al., 2000) with
slight modifications. Slices were subdivided into four classes ac- Bonfoco, E., Krainc, D., Ankarcrona, M., Nicotera, P., and Lipton,
cording to the number of compact groups of 100 PC. The first class S.A. (1995). Apoptosis and necrosis: two distinct events induced,
(Type I) included slices that contained no compacts group of 100 PC. respectively, by mild and intense insults with N-methyl-D-aspartate
The second class (Type II) included slices containing one compact or nitric oxide/superoxide in cortical cell cultures. Proc. Natl. Acad.
group of 100 to less than 200 PC. The third class (Type III) included Sci. USA 92, 7162–7166.
slices containing 2 compact groups of 100 to less than 200 PC or Chamak, B., Dobbertin, A., and Mallat, M. (1995). Immunohistochem-
1 compact group of 200 to less than 300 PC. The fourth class (Type ical detection of thrombospondin in microglia in the developing rat
IV) included slices containing at least 3 compact groups of 100 PC brain. Neuroscience 69, 177–187.
that were either separate or formed as a single large group ex-
Chanock, S.J., el Benna, J., Smith, R.M., and Babior, B.M. (1994).ceeding 300 PC or 2 groups one of which included 200 to less 300
The respiratory burst oxidase. J. Biol. Chem. 269, 24519–24522.PC and the other 100 to less than 200 PC. For each treatment, at
Chao, C.C., Hu, S., Molitor, T.W., Shaskan, E.G., and Peterson, P.K.least ten slices were scored and the percent of slices belonging to
(1992). Activated microglia mediate neuronal cell injury via a nitriceach group determined. To confirm the absence of an effect, PC
oxide mechanism. J. Immunol. 149, 2736–2741.survival was also determined by counting the total number of stained
PC in the slices. Combs, C.K., Karlo, J.C., Kao, S.C., and Landreth, G.E. (2001). beta-
Amyloid stimulation of microglia and monocytes results in TNFal-
Reverse Transcription-PCR Analysis pha-dependent expression of inducible nitric oxide synthase and
Total RNA from the cerebellum of 3-day-old Swiss mice or cultured neuronal apoptosis. J. Neurosci. 21, 1179–1188.
slices treated for 3 DIV with either Lip-PBS or Lip-cl was extracted Cuadros, M.A., and Navascue´s, J. (1998). The origin and differentia-
and reverse transcribed as described previously (Lima et al., 2001). tion of microglial cells during development. Prog. Neurobiol. 56,
Primer sequences were as follows: 5-CTTGGATGATAGCACTGC-3 173–189.
and 5-CTTCATCTGAAGCTCAATGG-3 for gp91phox (626 bp, access
Cuadros, M.A., Garcı´a-Martı´n, M., Martı´n, C., and Rı´os, A. (1991).nNM_007807); 5-AGCCTGAGACATACCTGGTG-3 and 5-AGCCT
Heamopoietic phagocytes in the early differentiating avian retina.TCTGCAGATACATGG-3 for p47phox (446 bp, access nAB002663);
J. Anat. 177, 145–158.5-TATCGGACGCCTGGTTACCA-3 and 5-CATTGAGAGCAATGC
Davies, A.M. (2003). Regulation of neuronal survival and death byCAGCC-3 for glyceralde´hyde-3-phosphate dehydrogenase (GAPDH,
extracellular signals during development. EMBO J. 22, 2537–2545.875 bp, access nM32599). PCR products amplified through 30
(gp91phox, p47phox) or 26 cycles (GAPDH) were separated on 1.5% Day, B.J., Fridovitch, I., and Crapo, J.D. (1997). Manganic porphyrins
agarose gels and visualized with ethidium bromide. possess catalase activity and protect endothelial cells against hy-
drogen peroxide-mediated injury. Arch. Biochem. Biophys. 15,
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